PURPOSE. Optical coherence tomography (OCT) has enabled ''virtual biopsy'' of the living human retina, revolutionizing both basic retina research and clinical practice over the past 25 years. For most of those years, in parallel, adaptive optics (AO) has been used to improve the transverse resolution of ophthalmoscopes to foster in vivo study of the retina at the microscopic level. Here, we review work done over the last 15 years to combine the microscopic transverse resolution of AO with the microscopic axial resolution of OCT, building AO-OCT systems with the highest three-dimensional resolution of any existing retinal imaging modality.
T he 25 years since the advent of optical coherence tomography (OCT) 1 have brought countless improvements in its axial resolution, speed, and sensitivity. The main effort to improve OCT's transverse (or lateral) resolution has been to combine it with adaptive optics (AO), a union that has been investigated in just a few labs. Nevertheless, AO-OCT now plays important roles in the production of knowledge about the retina and its diseases. Chief among these is its potential to resolve ambiguities present in clinical and research-grade conventional (non-AO) OCT systems. Because AO-OCT reveals the microstructure that makes up clinically observable features, it is indispensable as a scientific companion to conventional OCT. Understanding the differences between the OCT image and the AO-OCT image requires that we describe some of the technical details of AO-OCT imaging and image processing, and how these are motivated by the fundamental biological and physical properties of the living human retina.
The Spatial Scale of Retinal Features
The human retina consists of approximately a dozen layers of mostly transparent tissue, together less than half a millimeter thick. The axial resolution afforded by OCT lends itself to imaging the retina's laminar structure. Because retinal diseases often impact this laminar structure, OCT has been used extensively to detect and assess disease and monitor therapeutic efficacy, to such an extent that it has become a standard of ophthalmic care.
Each retinal layer contains structural and functional subunits such as cells, organelles, and capillaries, most of which are too small to be resolved by conventional OCT systems such as the commercial systems employed in the clinic (Fig. 1) . While cellular imaging is presently of limited interest to clinicians, it is of great interest to basic science researchers, who stand to learn much about these structures and their functions by imaging them in situ. Moreover, an understanding of the gross structural changes observed in clinical OCT images of disease and recovery depends crucially on knowing their microscopic constituents. Cellular imaging of the retina will continue to expand our understanding of retinal disease, and is therefore of great translational significance.
transverse (or lateral) and axial components. In an imaging system free of aberrations, transverse resolution is limited by diffraction at the limiting aperture of the system. If the imaging beam is circular with uniform intensity across the pupil, the resulting PSF is an Airy function. Diffraction-limited resolution is defined as the radius of the PSF's first Airy disk zero, also termed the Rayleigh criterion.
The human eye, as an optical system, is fundamentally limited by two factors: first, aberrations intrinsic to the cornea and crystalline lens, and second, diffraction due to the finite size of the eye's pupil. Monochromatic aberrations of the eye vary over the pupil 27, 28 and increase monotonically with pupil size. Thus with a dilated pupil, resolution is limited by aberrations (''seeing limited'') rather than the finite pupil (''diffraction limited''). To achieve optimum resolution across a larger pupil (>6 mm), correction of higher-order aberration is necessary. As shown in Figure 1 , diffraction-limited imaging through a large pupil theoretically allows visualization of many features of interest in the living human retina.
Resolution, however, is not the only factor affecting visibility. Strict criteria such as the Rayleigh criterion do not take account of the variations in contrast among the features of interest, relative to the imaging system's noise. The amount of light reflected or scattered from these features, however, varies considerably. These variations may explain why some structures theoretically resolvable conventionally (e.g., ganglion cell bodies) and with AO (e.g., bipolar cell bodies) have yet to be imaged in vivo (Fig. 1 ). Methods to increase the contrast of FIGURE 1. Distribution of transverse size of a small subset of human retinal structures. AO permits visualization of many cellular and subcellular retinal structures. Estimates of sizes are subject to numerous potential sources of error: artifacts of histologic preparation; sampling bias in cases of small numbers of histologic specimens and/or limited sampling across retinal eccentricity; and-where our estimates are based on published micrographs-underestimation of object width due to tangential sectioning of cells. Due to waveguiding, visibility of the cone and rod outer segments (marked with †) is governed by the size of the corresponding inner segments (IS). While the foveal avascular zone ‡ and nerve fiber bundles ‡ are large, their visibility depends on much smaller features, namely, capillaries and nerve fiber bundle gaps, respectively. Sources: foveal ganglion cell axons 2 (l 6 r), inferior nasal ganglion cell axons 2 (l 6 r), microdrusen, 3 cone outer segments (OS) †, 4,5 rod OS †, 5 rod inner segments (IS), 5, 6 erythrocytes, 7 Müller cells, 8 cone IS, 9 lymphocytes, 10 gaps between nerve fiber bundles, 11, 12 monocytes, 10 choriocapillaris pores, 13, 14 neutrophils, 10 neural progenitor cells, 15 ganglion cell bodies [16] [17] [18] (with 95% < 13 lm 16 ), bipolar cell bodies, 17 RPE cells, 19 small drusen, 20 parvocellular dendritic arbors, 21 nerve fiber bundles (NFB) ‡, 11,12 microaneurysms, 22,23 magnocellular dendritic arbors, 21 intermediate drusen, 20 large drusen, 20 peripheral arterioles 24 (l 6 r), peripheral venules 24 (l 6 r), foveal avascular zone ‡, 25 fovea, 25 optic disc. 26 Resolution limits were computed using R x ¼ 1:22k f nD , assuming an undilated pupil size D of 2.0 mm, a dilated pupil size D of 7.0 mm, an imaging wavelength k of 840 nm, a bulk refractive index n of 1.33, and an eye length f of 22.2 mm.
retinal images (e.g., motion correction and averaging, spectroscopic OCT, polarization-sensitive OCT, angiographic algorithms, contrast agents, and darkfield and phase-contrast techniques) remain areas of active investigation.
Improving Transverse Resolution With Adaptive Optics
Diffraction-limited imaging is achieved by measuring and correcting ocular monochromatic aberrations over a dilated pupil. These are most commonly implemented with a ShackHartmann wavefront sensor and deformable mirror, respectively (Fig. 2) , yielding unprecedented transverse resolution (2-3 lm), sufficient for resolving individual cells in the living human retina. 29 While the diffraction-limited PSF summarizes the static performance of an AO system, the aberrations of the living human eye change over time. Thus the temporal bandwidth of FIGURE 2. The concepts of Shack-Hartmann wavefront sensing (SHWS) and closed-loop AO correction with a deformable mirror. A SHWS works by sampling a wavefront with an array of small lenses (lenslets) such that local wavefront slope-due to aberration-manifests as displacement of the resulting focal spot (left). These displacements can be used directly to drive a corrector such as a deformable mirror (right), or to reconstruct the wavefront by Zernike polynomial fitting, for example. FIGURE 3. Spatial and temporal power spectra of ocular aberrations. (a) The power of aberrations, measured as variance in wavefront height over the dilated (7.5 mm) pupil, declines with increasing spatial frequency (here expressed in terms of Zernike order). 28 At 633 nm, the diffractionlimited wavefront root mean square (RMS) can be estimated (by the Maréchal criterion of k/14) to be 0.045 lm RMS, or a log 10 (var) of À2.7. The observed aberrations drop below this level at about the seventh Zernike order, corresponding to the first 28 Zernike terms. Diamonds and corresponding dashed curves represent the mean and mean 6 2 standard deviations of the log 10 (var), respectively, for 70 eyes. (b) The temporal power spectra of aberrations in a human eye and artificial eye. 30 The power of ocular aberrations falls to 10% of the peak power around the AO system (governed largely by the AO correction rate, controller gain, and delays in the loop) affects image quality. Initial estimates of the bandwidth of ocular aberrations were 1 to 2 Hz (Fig. 3, right) , suggesting that a loop rate between 10 and 40 corrections per second would cancel them (assuming typical latencies and gain) and achieve closed-loop performance near the diffraction limit (Strehl ratio > 0.8). 30 Later, aberration bandwidths of 30 Hz 31-33 or higher 34 were observed, suggesting that substantially higher rates may be beneficial. A recent study using a rate of 110 corrections per second demonstrated the predicted improvements in resolution and contrast. 33 Separate from improved transverse resolution, AO improves other aspects of OCT imaging. Adaptive optics reduces the average width of speckle, thereby improving visibility of features larger than the resolution limit. By permitting imaging through a large pupil, AO also increases the amount of light collected from the retina, improving sensitivity and SNR. 35, 36 The majority of ophthalmic AO studies to date have been conducted with two-dimensional (2D) modalities such as floodillumination and scanning light ophthalmoscopy (SLO). For reviews of these see Williams 37 and Carroll et al. 38 The present review is limited to AO-OCT studies.
The Promise of Three-Dimensional Cellular Imaging
For cellular imaging, high axial and transverse resolutions are necessary. Optical coherence tomography by itself provides the necessary axial resolution but needs AO to achieve the necessary transverse resolution. Figure 4 illustrates the advantage of AO, comparing the size of the three-dimensional (3D) resolution in tissue for commercial OCT, ultrahighresolution (UHR) OCT, and AO-equipped UHR-OCT, along with that of commercial SLO and AO-SLO for comparison. As shown, the addition of AO to commercial OCT and UHR-OCT improves their resolution volume by 36 times and achieves a resolution voxel smaller than most retinal cells.
The first implementations of AO-OCT were based on timedomain OCT (TD-OCT), which was the main OCT approach prior to 2004. These implementations included a floodilluminated version using an areal charge-coupled device (CCD) camera 39 and a conventional version using tomographic (xz) scanning. 40, 41 These first instruments demonstrated the potential of the combined technologies to image the living human retina, but fundamental technical limits, primarily in speed, impeded their scientific and clinical use. Nevertheless they represented first steps toward more practical designs that became possible with new OCT methods.
In 2004, new techniques began to supplant TD-OCT in research settings, with clinics following suit within a few years. The main shift was toward frequency-domain OCT, a class of OCT techniques in which detection takes place in the domain of spatial frequency instead of space, namely spectrometerbased spectral-domain OCT (SD-OCT) and swept-source OCT (SS-OCT). These technologies are described extensively in other papers in this special issue.
The axial resolution (the thickness of the PSF) in OCT is determined by the spectral properties of the imaging source. 42 Shorter wavelengths and broader spectral bandwidths result in better resolution, but these are practically limited by the comfort and safety of human subjects and chromatic aberrations.
DEVELOPMENT OF AO-OCT FOR IN VIVO HUMAN IMAGING Achieving Three-Dimensional Cellular Resolution
In 2005, two studies demonstrated the feasibility of in vivo, 3D cellular resolution imaging. Zhang et al. 43 used a broadband source to illuminate a line on the retina, revealing cone photoreceptors resolved transversely and axially. Soon after, Zawadzki et al. 44 developed a system that raster scanned a point source across the retina, acquiring one spectrum at a time. This system, which also produced cellular-resolution images, would become a template for successive AO-SD-OCT systems, which employ X-Y scanning and detection with a linear spectrometer. Zhang et al. 45 followed their parallel detection scheme by developing an X-Y raster scanning system, but with a 512-pixel spectrometer having an A-line rate of 75,000 Hz. They imaged retinal patches sufficiently small (150 3 38 lm) to mitigate most eye movement artifacts, acquiring volumes at a rate of 13 Hz and permitting 3D visualization of cellular and other microscopic structures.
Improvements in Bandwidth, Resolution, and Speed
Improvements in axial resolution have made possible insights into the laminar structure of the retina. Because the axial dimension of the PSF in OCT is inversely proportional to the bandwidth of the imaging source, investigators sought ways to increase these bandwidths. Broadband sources (>100 nm) were available, but their utility was limited by the impact of longitudinal chromatic aberration (LCA), which would thwart the benefits of AO. Zawadzki et al. 46 and Fernandez et al. At the same time, attempts were made to improve further the systems' transverse resolution. In the first few years of active AO-OCT research, AO systems were built around microelectrical-mechanical systems (MEMS) and other lowstroke mirrors that lacked sufficient range of motion to correct the dominant ocular aberrations of defocus and astigmatism. Two studies 48, 49 addressed this issue by implementing a woofer-tweeter AO architecture with two mirrors: a highstroke bimorph mirror with relatively few actuators, designed to compensate the eye's low-order aberrations; and a lowstroke MEMS mirror with more actuators, designed to compensate high-order aberrations. Zhang et al. 45 improved wavefront correction by repositioning the deformable mirror close to the eye. Evans et al. 50 in 2009 performed an error budget analysis, resulting in further improvement in transverse resolution. Mujat et al. 51 used a woofer-tweeter AO system FIGURE 5. Images acquired with AO ultrahigh-resolution OCT. In a log-scale B-scan focused on the outer retina, the ELM, IS/OS, and COST bands are clearly visible, demarcating the IS and OS of the cones. In a linear-scale, magnified view (bottom left), the IS/OS and COST reflections from individual cones are clearly visible, with red and yellow boxes outlining the relatively transparent individual inner and outer segments. The width of the bright reflections is consistent with known IS widths, while their height is comparable to the axial PSF height, which suggests origination at thin reflectors. Axial displacement of neighboring reflectors is apparent in both layers. When focus is shifted to the inner retina, individual nerve fiber bundles, up to 50 lm in diameter but separated as little as 5 lm, become visible. A magnified view of the latter (lower right) reveals capillaries (arrows) lying in multiple plexuses. These individual structures of the inner and outer retina appear as uniform bands in clinical OCT images.
combined with a SS-OCT (k ¼ 1 lm) in order to image deeper into the retina. Inspired by approaches in the AO-SLO community to correct aberrations and distortions generated by spherical-mirror telescopes used in most AO systems, 52, 53 two AO-OCT groups deployed novel strategies for doing the same. Lee et al. 54 devised an out-of-plane design while Liu et al. 55 developed an in-the-plane one based on custom toroidal mirrors.
One of the major limitations of AO-OCT systems is the presence of eye motion artifacts. This effect is similar to motion artifacts present in standard retinal imaging systems; however, higher magnification offered by AO-OCT and the fineness of the observable structures increase the impact of eye movements. Thus there has been a consistent push to improve the speed of AO-OCT systems. Torti et al. 56 employed a faster spectrometer, acquiring 120,000 A-lines/second, producing 3D images of the retina with notably fewer eye motion artifacts. Many investigators soon followed suit, 12, 36, 54 and some employed active retinal tracking as an additional means of reducing motion artifacts. 57 Pircher et al. 58 adopted a novel approach to the problem of motion artifacts by developing a high-speed, time-domain, scanning AO-OCT system. This system acquired 2D en face images of the retina at various depths, at speeds similar to those with AO-SLO. As such, artifacts in single frames were further reduced.
Kocaoglu et al. 59 achieved an order-of-magnitude improvement in speed by implementing a quadplexing spectrometer design capable of recording 1 million A-scans per second. This system was, at the time, the fastest retinal SD-OCT system reported, with or without AO. It permitted imaging of a large field of view with minimal motion artifacts and, because it employed aberration-canceling toroidal mirrors, maintained optimal transverse resolution. The resulting images (Fig. 6 ) represent some of the most promising AO-OCT images to date, revealing artifact-free microscopic detail at many layers in the retina.
Enhancing AO-OCT for Measuring Biological Properties of the Living Retina
Over the last decade several attempts have been made to tailor AO-OCT to the measurement of the unique structural and functional aspects of the living human eye. These efforts mainly included incorporation of complementary imaging modalities, automated segmentation of retinal structures, removal of artifacts created by involuntary eye movement, and expansions of OCT detection schemes to functional imaging.
Combining AO-OCT With AO-SLO. One area of AO-OCT development is its combination with AO-SLO. 58, [60] [61] [62] Adaptive optics SLO provides a complementary view of retinal structures and additionally allows detection of fluorescence signals and multiply scattered photons, both invisible to OCT. Moreover, AO-SLO can be used as a tool to detect and correct eye movements during AO-OCT data acquisition. 63 Automated Three-Dimensional Segmentation. Automated segmentation of the OCT image is an important component of research-grade and commercial instruments, providing objective assessment of changes in retinal layer thickness and enabling various kinds of computer-aided diagnostics. Improvements in layer visibility afforded by SD-OCT motivated advanced segmentation algorithms based on support-vector machines, 64, 65 graph-theoretic optimization, [66] [67] [68] [69] Markov boundary models, 70 adaptive thresholding and binarization, 71 kernel-based optimization, 72 and RPE segmentation using polarization-sensitive OCT and depolarization detection. 73 Many of the optimization algorithms penalized contour roughness to avoid spurious segmentation of speckles, thereby emphasizing the laminar structure of the retina.
Several of the retinal layers that appear smooth and continuous in conventional OCT images were revealed by AO-OCT to consist of discrete, discontinuous, and axially displaced structures. In conventional OCT images, the retinal nerve fiber layer (RNFL) appears to be a homogeneous, hyperreflective band, whereas AO-OCT reveals the individual nerve fiber bundles that constitute it. 12, 49, 74 Similarly, while the smooth appearance of the cone inner-outer segment junction (IS/OS) and cone outer segment tip (COST) bands in conventional images is useful for modeling outer retinal morphology, 70 AO reveals these layers to be rough and discontinuous. 75, 76 For automated segmentation of the rough IS/OS and COST layers, Jonnal et al. 77 devised a model-based approach. Each A-line in the volume is correlated with a labeled model of gross local retinal reflectance in order to automatically locate and label features in the A-line that correspond with the model's labels. Pixels labeled with a feature of interest (e.g., IS/OS or RPE) can then be assembled into an en face view of that feature (Fig. 7) .
Motion Estimation and Correction. Each point in the OCT raster scan requires either spatial or temporal resolution (in SD-OCT and SS-OCT, respectively) of the spectral dimension, both of which require more time than the single photodetector measurement required by SLO, and lead to comparably larger eye motion artifacts in the resulting images.
Techniques for estimating and correcting eye motion artifacts are attractive to OCT researchers for several reasons. Spectral-domain OCT requires partially coherent sources of illumination, a necessary consequence of which is the presence of speckle noise. While speckle noise is deterministic, it becomes uncorrelated over time such that averaging successive images of the same tissue can reduce its impact. However, OCT volumes of the living human retina cannot be averaged without first removing motion artifacts. Moreover, serial imaging of the retina-required for both monitoring retinal disease and functional imaging-necessitates motion correction in order to repeatedly locate the structure of interest over time.
Initial efforts utilized manual alignment, allowing multiple volumes to be stitched together into montages and effectively improving the system's field of view. 78 Automated axial and lateral alignment of B-scans within volumes was applied to improve en face visualization of retinal layers, 45, 49 and such en face projections were further corrected using thin-plate spline dewarping. 36 Using segmented projections of IS/OS and COST, Jonnal et al. 77 adapted a strip-based registration method (Fig. 8 ) developed in the AO-SLO community. 79 This approach was used to track single cones over hours in order to observe outer segment renewal 77 and to assess test-retest reliability of cone morphometry. 75 Phase-Sensitive AO-OCT for Functional Cellular Imaging. Functional AO-OCT has the potential to combine probes of function (and dysfunction) offered by electrophysiological techniques with the cellular resolution afforded by AO-OCT. One such approach is phase-sensitive AO-OCT, which has the capacity to measure cellular function at a scale of tens of nanometers, 100 times smaller than OCT's axial resolution.
A reflective surface in the retina causes constant-frequency modulation of the k (wave number) spectrum. Fourier transformation of the resulting fringe yields the depth of the surface, but with precision S z limited spectral range interrogated by the spectrometer [k 1 
À1 . For a typical UHR-SD-OCT system, with k 1 ¼ 755 nm and k N ¼ 913 nm, the resulting axial localization precision is 1.85 lm in the retina. This value is designed to be close to the axial resolution of the system, as reflectors spaced more closely than the resolution cannot be disambiguated with additional precision. For some applications, however, such as attempts to measure axial motion of single reflective objects, isolated in depth, 36, 80 this may not be an important consideration. Where there is no need to distinguish among closely spaced reflectors, improving localization precision may be beneficial without attendant increases in axial resolution.
The Fourier transformation of the k spectrum gives both the amplitude of modulation at each frequency (related to the intensity of reflection at the corresponding depth) and the phase of the modulation. Deflections smaller than S z of retinal structures may cause no observable change in the intensity image while dramatically affecting the phase. This property of OCT was initially exploited in microscopy to visualize subresolution motion of chick embryonic cardiomyocytes. 81 Generally, this approach is not suitable for in vivo human imaging because gross motion of the eye (Fig. 8 , eye motion trace) can result in relatively large phase changes that bury the microscopic changes one is seeking to observe. Phase differences between pairs of reflectors in the retina, however, are immune to such burial, since the phase of both reflections is affected identically by gross motion of the eye. Jonnal et al. 77 exploited this property to detect elongation of the cone OS due to disc renewal.
Improving the Fidelity of Retinal Images With Spectral Shaping. Meadway et al. 62 investigated two methods for digitally modifying AO-OCT spectra prior to Fourier transformation in order to reduce artifacts in the resulting axial PSF. In the first, they multiplied the acquired spectra by a Gaussian window. This approach reduced intensity in the tails of the spectrum, where unsuppressed peaks lead to PSF sidelobes. In the second, they derived a shaping function, such that multiplication with the acquired spectra resulted in a Gaussian shape. These two approaches (or a combination of them) were shown to substantially improve the axial resolution of the system, as well as modestly improve the system's signal to noise ratio (SNR). Qualitatively, the resulting B-scans were notably free of PSF artifacts, and structures of interest were more easily visible (Fig. 9) .
SCIENTIFIC APPLICATIONS OF AO-OCT Visualizing Microscopic Anatomy of the Retina In Vivo
Adaptive optics OCT has been used to study the threedimensional microscopic anatomy of the living human retina (see Fig. 10 ). An immediate impact of this work has been in aiding interpretation of clinical (non-AO) OCT images. The clinical proliferation of OCT systems has revolutionized our understanding of many retinal diseases, but the limited transverse resolution of those systems impedes an understand-FIGURE 8. Strip-based motion estimation from AO-OCT volumes. The COST layer was segmented from each of five volumes, four targets to be registered (left) and one to be used as a reference frame (top). Each target frame was divided into numerous thin strips, along the fast (horizontal) dimension, which were then cross-correlated with the reference frame. The resulting cross-correlation peaks, along with segmented depths, provide an X-Y-Z motion trace of the retina (bottom right). The volume marked in green contains artifacts of multiple fast, saccadic movements, evident in the en face projection and the motion trace plot. Axial motion can be observed in a single volume, but lateral motion only by comparison with a reference volume; thus the black (reference) trace depicts only axial motion. A single cone OS is smaller than the magnitude, in all dimensions, of eye movements, which highlights the need for motion correction in AO-OCT.
ing of the cellular changes observed in disease. Adaptive optics OCT does not yet have an appreciable presence in the clinic, but by imaging the same structures with microscopic resolution, has the demonstrated capability of aiding interpretation of clinical images.
Visualization of the Cone Outer Segment Tips. As previously described, Zhang et al. 45 minimized motion artifacts by imaging small patches of retina at high-volume acquisition rates. The resulting volumes permitted en face projections of retinal layers, and revealed that the third outer retinal band, previously considered to originate from the RPE, consisted of two partially overlapping bands with greatly different en face appearance (see Fig. 11 ). The more proximal of the two bore resemblance (and high statistical correlation) with the IS/OS layer, while the more distal did not. The former was hypothetically attributed to the COST, while the latter's attribution to RPE was maintained.
The Anatomic Origins of Retinal Bands. While attributions of outer retinal bands 1 and 4 to the external limiting membrane (ELM) and RPE have been broadly accepted by the research and clinical communities, 82 the origins of bands 2 and 3 have been controversial, with a number of investigators attributing them to the inner segment ellipsoid (ISe) [82] [83] [84] and interdigitation zone (IZ) 83 between the RPE microvilli and outer segments. Jonnal et al. 75, 76 used AO-OCT to quantitatively investigate band 2 morphology and concluded that the ellipsoid does not generate band 2, on the two bases that the band was too narrow by a factor of 4 and too distant from the ELM. Figure 12 shows a comparison between a clinical (Spectralis) image of band 2 and an AO-OCT image of band 2, clearly illustrating the improved ability of the latter to perform cellular, morphometric analysis.
Photoreceptor Function
Renewal of outer segment discs is a cellular process critical for the well-being of photoreceptors, and failure of this process may be implicated in some retinal diseases such as AMD. Jonnal et al. 85 measured renewal with AO coherent flood illumination, effectively using the outer segment as an interferometer. The resulting modulation of intensity, over the course of hours, was hypothesized to originate from elongation of the cone OS and associated phase changes between IS/OS and COST. The observed frequencies of modulation corresponded to renewal rates between 99 and 113 nm/hour. A weakness of this approach was the inability to axially localize the source of the interference effects. While OCT can determine the axial locus of a reflector, the complementary processes of renewal and shedding are confined to an axial range comparable to the resolution of UHR-OCT.
Pircher et al. 80 identified a subset of cones exhibiting an extra reflection between the IS/OS and COST reflections. The origin of these reflections is not known but is presumed to be stationary relative to neighboring discs. Unlike COST, whose total range of movement is limited by disc shedding to a few microns, these reflections migrate down the OS. The authors capitalized on this feature to measure OS renewal in a significant subset of the cones to have a mean rate of 110 nm/hour (Fig. 13) .
Jonnal et al. 77 later showed that phase-sensitive AO-OCT could be used to detect changes in OS length of 40 nm, two orders of magnitude smaller than the system's axial resolution. They applied this method to measure the rate of renewal at COST, regardless of whether the cone contained extra reflectors, and found that cones at 1.58 eccentricity elongated at rates of approximately 150 nm/hour, roughly consistent with previous measurements, 80 
Optical Properties of Photoreceptors
Most AO studies of cone pathology have focused on cone loss, but AO-OCT offers the possibility of observing changes in the cone's waveguiding properties, which may precede outright loss. Recently Liu et al. 86 tested the hypothesis that cones' modal properties may manifest as modulation of their transverse intensity profile by using AO-OCT to image the 3D reflectance profile of individual cones at the IS/OS and COST locations. As illustrated in Figure 14 , they found that the two cone segments waveguide light differently depending on retinal location. With this baseline, it is now possible to determine whether changes in these modes might be linked to the underlying cone health. 
Applications of AO-OCT in Imaging Retinal Disease
Age-Related Macular Degeneration. With AO-OCT it is possible to identify subcellular photoreceptor structures and structural changes not visible in clinical images (Figs. 5, 10) . Panorgias et al. 87 used AO-OCT to study geographic atrophy (GA). Losses in IS/OS reflectivity were observed in three of four cases in areas that retained underlying RPE. At the GA margin, visual function persisted even though the IS/OS lost reflectivity, a paradox echoed by recent AO-SLO investigations of macular telangiectasia. 88 This loss of reflectivity may be due to disorganization of the cones and reduced efficiency in light coupling, as was also suggested by Zhang et al. 89 in areas around subretinal drusenoid deposits. Panorgias et al. 87 showed that cone numbers in the GA margin were underestimated without consideration of the optical Stiles-Crawford effect, attesting to the importance of functional measurements in buttressing the observations with structural imaging. Methods developed to characterize morphologic changes in photoreceptors could be applied to other degenerative diseases of the retina, such as Stargardt's disease, retinitis pigmentosa, and cone/rod or rod/cone dystrophies.
Glaucoma and Other Optic Neuropathies. The possibility of outer retinal changes in glaucoma and other optic neuropathies has been investigated using postmortem techniques, with equivocal results. [90] [91] [92] This possibility has not, however, been investigated extensively with in vivo imaging methods. Adaptive optics OCT length measurements of the photoreceptor IS and OS of glaucoma patients, however, reveal a reduction in cone photoreceptor density and outer segment length 93 in areas of expected thinning of the RNFL. In patients with longstanding optic neuropathies, losses in the photoreceptor layers occur as well. 94 Most glaucoma research focuses on the inner retina, usually employing gross measures of RNFL thickness. As shown in Figure 5 , it is possible to visualize bundles of optic nerve fibers with AO-OCT, presumably because the gaps between bundles are smaller than the resolution afforded by clinical OCT (Fig.  1) . These individual bundles were first demonstrated by Zawadzki et al. 49 and later by Cense et al. 74 and Torti et al. 56 Kocaoglu et al. 12 demonstrated lost bundles in a patient with a well-defined arcuate scotoma. In each case, AO-OCT provided a unique opportunity to characterize the 3D morphology of individual bundles.
Polarization-sensitive OCT (PS-OCT) 95 demonstrates that glaucoma affects the polarization properties of RNFL before thinning is observed with standard OCT. Cense et al. 35 incorporated polarization-sensitive detection with AO-OCT (AO-PS-OCT) and demonstrated an improvement in the reliability of polarization measurements due to the improved SNR of AO-OCT.
In addition to quantifying inner and outer retinal changes in glaucoma, it is also important to image the lamina cribosa (LC), the multilayered porous network buried in the optic nerve head through which ganglion cell axons and major blood vessels must pass. Strain in the LC from elevated intraocular pressure may cause loss of axoplasmic flow associated with glaucomatous loss of ganglion cells. Imaging portions of LC has been possible at high volumetric resolution with AO-OCT, 56 with resulting 3D images showing its detailed porous structure 96 ( Fig. 15) , and promises to be a valuable tool for early diagnosis and assessment of glaucoma. Because LC is substantially deeper than the neural retina, it can be more effectively imaged by extending the depth range of the OCT, such as by complex conjugate removal techniques. 97 Diabetic Retinopathy. Two-dimensional AO images have been used to quantitatively characterize lumens of diabetesaffected retinal capillaries 98 and to classify retinal microaneurysms. 23 Optical coherence tomography provides a 3D view of these structures, and visibility of microvasculature and blood flow has been demonstrated using AO-OCT-based systems. 49, [99] [100] [101] The 3D views of such microscopic structures afforded by AO-OCT may offer additional power to AO-based diagnostics, especially if combined with OCT angiography or flow measurement. Such applications may further improve diagnosis of mild diabetic retinopathy before the onset of more severe sequelae (such as edema and neovascular proliferation) that are commonly used to diagnose the disease.
Stem Cell Treatment for Degenerative Disorders of the Retina. Park et al. 102 used AO-OCT to monitor the efficacy of intravitreal stem cell injections in treating a patient with Stargardt's disease. Clear differences were visible between baseline images and images acquired 1 month after injection. An array of hyperreflective spots was visible in AO-OCT images of the inner retina, but not visible with OCT alone. The size of these spots was consistent with the injected CD34þ cells, suggesting that the cells had migrated from the vitreous into the neural retina.
THE FUTURE OF AO-OCT Functional Imaging of Stimulus-Evoked Changes in Photoreceptors
Two sorts of stimulus-evoked optical changes have been observed in photoreceptors. First, stimulus-evoked changes in near-infrared scattering (''intrinsic signals'') have been characterized extensively in vitro. These have also been measured using in vitro OCT, 103 in vivo OCT, 104, 105 and AO-SLO. 106 Adaptive optics OCT offers a way to measure the same changes, but with 3D cellular resolution. Second, stimulusevoked changes in the outer segment's optical length have been observed. 107 These changes may be of greater interest because the time scale over which they occur agrees with the known time scale of phototransduction; they are initiated within a few milliseconds of a stimulus and progress rapidly over the first 30 to 50 ms. Phase-sensitive AO-OCT, which provides resolution of OS length changes two orders of magnitude smaller than the OCT axial resolution, 77 may permit study of these stimulus-evoked changes.
Functional Imaging of RPE
Retinal pigment epithelium cells play a central role in supporting and maintaining photoreceptors. While dysfunction of the RPE underlies numerous retinal pathologies, biomarkers sensitive to RPE change at the cellular level are limited. Recently AO-OCT in combination with subcellular registration and a novel contrast agent (organelle motility) has been used successfully to visualize and characterize the 3D morphology of RPE cells and their packing geometry. 108 But even more sensitive biomarkers may be possible that are linked to cellular physiology. New efforts are under way to correlate RPE organelle motility with RPE function using AO-OCT as the tool to detect these motion-evoked changes in the scatter of light (Liu Z, et al. IOVS 2016;57:ARVO E-Abstract 2807). 
OCT Contrast Agents
One of the major limitations of OCT is its inability to detect fluorescent signals. This greatly limits cellular and molecular specificity as well as functional applications of OCT systems. There are several efforts to overcome this limitation by application of OCT-specific contrast agents. Existing examples include nanoparticles such as gold cages 109 and microspheres 110 along with complex detection schemes (pump probe OCT 111 and photothermal OCT 112, 113 ). Future application of AO-OCT will surely benefit from any advance made in this field.
AO-OCT Angiography
Recent developments in OCT angiography (OCTA) methods (see Gorczynska et al. 114 for a thorough comparative analysis) have demonstrated improved visualization of retinal, and especially choroidal, vasculature. As retinal capillaries and the pores of the choriocapillaris, especially in the fovea, lie at the resolution limit for conventional imaging systems (Fig. 1) 
Computational AO-OCT
Within a few years of the first AO images of the retina, 29 investigators recognized that computational methods could be used to deblur retinal images, either with or without information about the ocular wave aberrations causing the blur. Early efforts employed blind deconvolution 115, 116 as well as wavefront sensing, 117, 118 the corresponding PSF of which was used as a deconvolution kernel.
Recently, an alternative to deconvolution has been suggested, in which the object structure is reconstructed by solving sets of inverse scattering problems. 119 Other groups have applied a virtual Shack-Hartmann wavefront sensor (SHWS) to estimates of the distribution of light in the pupil plane based on the OCT image. 120 Computational approaches to improving spatial resolution are attractive for numerous reasons: They obviate deformable mirrors, substantially reducing the cost and complexity of imaging systems and improving clinical deployability; they have the capacity to provide depthinvariant aberration correction by optimizing image quality independently for each depth in the sample; and they offer anisoplanatic imaging possibilities, where the complement of aberrations may vary significantly across the lateral extent of the sample.
On the other hand, algorithms for computational AO-OCT are highly sensitive to noise in OCT detection, to which optical AO-OCT systems are insensitive. Some computational AO approaches may also be highly sensitive to eye motion, and questions remain about whether computational AO is presently fast enough for real-time imaging, an important consideration for commercialization and clinical deployment. Finally, whatever computational AO's advantages turn out to be, it will have a lower SNR than comparable point scanning AO modalities because it captures less light, an effect visible in models of the AO-OCT transfer function. 121 In spite of these technical challenges, this continues to be an active and productive area of research.
Wavefront Sensorless AO-OCT
Wavefront sensorless AO-OCT 122 provides an interesting alternative to classical AO-OCT systems. In wavefront sensorless AO correction, the brightness or sharpness of imaged structures, rather than the aberrations measured by the wavefront sensor, are used to find the optimal shape of the wavefront corrector. This approach is particularly attractive for imaging patients who present challenges for standard AO imaging due to cataract or irregular pupil size or shape, and might open doors to compact low-cost AO-OCT systems. The disadvantage of existing sensorless approaches is that they typically require computationally costly optimization algorithms that reduce their bandwidth compared to typical sensor-based systems.
Prospects for Commercialization or Clinical Deployment of AO-OCT
The key technical factors limiting commercialization and clinical deployment of AO-OCT are cost, optical complexity, data volume, speed, and image postprocessing and analysis. The single most expensive component in most AO-OCT systems is the deformable mirror. Factoring in the cost of the mirror and the costs of the additional calibration equipment and software, the addition of AO to a clinical OCT system could easily double its cost.
A second factor is the optical complexity and size of AO-OCT systems. Due to the presence of the deformable mirror, and the attendant requirement that each scanner be conjugated to the pupil plane of the system, the imaging channel of AO-OCT systems tends to be long and to have many components. The size and complexity of the system requires frequent calibration and alignment, procedures that add cost to commercial systems.
Conventional OCT systems can afford to sample the retina at intervals of 10 to 15 lm, since denser sampling is not generally necessary without an associated improvement in lateral resolution. Adaptive optics OCT systems, by contrast, require the retina to be sampled more densely, every 1 to 2 lm. Thus in the case of volumetric imaging of a given retinal patch size, AO-OCT data sets are 100 times larger than their conventional OCT counterparts. Storage and accessibility of AO-OCT data already pose a challenge for investigators; widespread use of AO-OCT in the clinic would multiply this problem.
The benefits of AO are clearly visible in en face views of the retina, where the lateral resolution benefit is most apparent. Because AO-OCT is presently an order of magnitude slower than AO-SLO, eye movement artifacts in its images are significantly worse, and these are especially evident in en face views of the retina. Much progress is being made in mitigating these artifacts, through active eye tracking and postprocessing methods, but commercialization probably depends on either a significant increase in OCT speed or a definitive solution to mitigating eye movement artifacts.
Finally, effective commercialization depends on providing clinicians with flags or figures of merit that summarize the enormous amount of data in each image. Development of such summary figures is a likely outcome of current collaborations between clinicians and AO-OCT engineers and scientists, and these may improve the outlook for clinical use of the technology.
Because AO-OCT investigation of disease is still nascent, we do not yet know of a disease for which AO-OCT is required for effective treatment or management, but such a discovery might justify the added cost and complexity of AO-OCT in the future.
CONCLUSIONS
Adaptive optics OCT has produced a number of fundamental findings about the microstructure of the living human retina, and promises to grow in popularity as the complexity and cost of the required technology fall, while interest grows in the cellular and other microscopic constituents of retinal tissue, function, and dysfunction.
